1. Introduction {#sec1-insects-11-00401}
===============

Due to the nutritional requirements of their larvae \[[@B1-insects-11-00401],[@B2-insects-11-00401]\], house flies (*Musca domestica* L.) have life-long associations with microbe-rich substrates such as animal excrement, soiled bedding, spoiled food, and refuse \[[@B3-insects-11-00401],[@B4-insects-11-00401],[@B5-insects-11-00401]\]. These substrates exist in both urban and agricultural areas in places such as trash receptacles and livestock rearing/feeding operations, respectively. Adult flies acquire and harbor bacteria from these sites on their external surfaces and in their digestive tract \[[@B6-insects-11-00401]\]. Surveys have identified over 200 different species of microbes associated with wild-caught house flies \[[@B6-insects-11-00401]\] and a single house fly can harbor up to 100 different potentially pathogenic microbes \[[@B7-insects-11-00401]\]. Wild house flies harbor both pathogenic and nonpathogenic bacteria \[[@B6-insects-11-00401],[@B8-insects-11-00401],[@B9-insects-11-00401]\], including those that are antimicrobial resistant (AMR) \[[@B10-insects-11-00401],[@B11-insects-11-00401]\]. Because flies associate with a wide variety of microbe rich sites across the landscape, it is not surprising that they harbor different microbial communities associated with the sites with which they interact \[[@B12-insects-11-00401]\].

While coprophagy is not obligate, both male and female house flies are attracted to and opportunistically ingest nutrient- and microbe-rich substrates such as manure \[[@B3-insects-11-00401]\]. However, distinct nutritional and reproductive needs between male and female flies likely underlie sex-specific interactions with microbe-rich substrates. Although both males and females can subsist on primarily sugar diets, female house flies are anautogenous, requiring a proteinaceous meal for successful egg development \[[@B7-insects-11-00401],[@B13-insects-11-00401]\]. Females can acquire dietary protein by consuming manure or animal secretions and excretions. In addition, female flies are also driven to seek out potential oviposition sites such as animal manure \[[@B14-insects-11-00401]\], with preference being for microbe-rich substrates to ensure proper nutrition for successful larval development \[[@B1-insects-11-00401],[@B2-insects-11-00401]\]. Thus, it follows that male and female flies would have distinct interactions with the substrates with which they interact, which subsequently may be reflected in differences in bacterial carriage.

In this study we used a culture-based approach to assess the role of house fly sex (male, female) and site (urban, agricultural) on the abundance of both aerobic bacteria and coliforms. In addition, we selected a subset of coliforms from flies from the agricultural site and tested their antimicrobial susceptibility. We hypothesized that female flies would harbor more bacteria than males due to their greater interactions with microbe-rich oviposition substrates, and that coliform abundance would be higher in agricultural flies than urban flies due to open access to large amounts of animal manure.

2. Materials and Methods {#sec2-insects-11-00401}
========================

2.1. House Fly Collection {#sec2dot1-insects-11-00401}
-------------------------

Adult male and female house flies were collected from two environments (sites) in Manhattan, KS: urban (downtown business area, near restaurant dumpsters) and agricultural (dairy cattle facility, Kansas State University,) on three collection dates in 2017 (June 13, July 13 and July 31). In total, 107 house flies with a minimum of 5 flies in each sex at each collection date were sampled ([Table 1](#insects-11-00401-t001){ref-type="table"}). House flies were captured by a sweep net, individuals were separated on site into sterile Eppendorf tubes using clean forceps, and tubes of flies were transported to the laboratory on wet ice to minimize activity. Clean sweep nets were used between sites to eliminate cross contamination.

2.2. Fly Processing for Bacterial Culture and Enumeration {#sec2dot2-insects-11-00401}
---------------------------------------------------------

In the laboratory, body mass (mg) of each male and female house fly was measured (Adam Equipment, Oxford, CT, USA) then individual flies homogenized in 500 µl sterile phosphate-buffered saline (PBS; Fisher Scientific, Pittsburg, PA, USA) using a sterile pestle. The volume of homogenate was adjusted to 1.0 mL with sterile PBS and homogenate was 10-fold serially diluted. A number of dilutions from each fly were plated in duplicate on tryptic soy agar (TSA, BD Difco, Franklin Lakes, NJ, USA) for aerobic bacteria enumeration and violet red bile agar (VRBA, Thermo Scientific Remel, Waltham, PA, USA) for coliform enumeration. Culture plates were incubated at 37 °C for 24 to 48 h. Enumeration of bacterial and coliform colony-forming units (CFUs) that grew on respective dilutions of each media were performed, with all CFUs being counted on TSA and only bright pink CFUs (i.e., coliforms) being counted on VRBA.

2.3. Selection and Identification of Morphotypes from VRBA Cultures of Dairy Farm Flies {#sec2dot3-insects-11-00401}
---------------------------------------------------------------------------------------

Increasing evidence suggests that agricultural animals are reservoirs of antimicrobial resistance genes and bacteria \[[@B15-insects-11-00401]\]. Further, due to their dispersal behavior, house flies can disseminate bacteria from farms to human habitats \[[@B11-insects-11-00401]\]. Therefore, bacterial colonies with similar gross morphologies on VRBA plates from dairy farm fly cultures were grouped and a representative of a group was selected and sub-cultured on TSA. In total, 38 unique colony morphotypes (hereafter "isolates" representing both coliforms and non-coliforms) were selected and taxonomic affiliation of each isolate was determined using API 20E test kit following manufacturer's protocol (BioMerieux Inc, Cambridge, MA, USA).

2.4. Antimicrobial Susceptibility Testing {#sec2dot4-insects-11-00401}
-----------------------------------------

To examine the antimicrobial susceptibility and/or resistance of individual isolates, the minimum inhibitory concentration (MIC) was determined. The microplate dilution method \[[@B16-insects-11-00401]\] was implemented to determine the MIC using commercially available Sensititre™ NARMS Gram Negative Plate (ThermoFisher Scientific, Waltham, MA, USA). The plate consisted of different concentrations of cefoxitin, azithromycin, chloramphenicol, tetracycline, ceftriaxone, amoxicillin/clavulanic acid (2:1 ratio), ciprofloxacin, gentamicin, nalidixic, ceftiofur, sulfisoxazole, trimethoprim/sulfamethoxazole, ampicillin, streptomycin. Detailed information of antimicrobial concentrations is available from the manufacturer's website (<https://assets.thermofisher.com/TFS-Assets/MBD/Specification-Sheets/Sensititre-Plate-Layout-CMV3AGNF.pdf>; accessed on 27 June 2020). The assay was performed following the manufacturer's instructions except plates were incubated at 35 °C for 20 h. Bacterial growth was recorded by measuring the absorbance at 630nm using a microplate reader spectrophotometer (Synergy^TM^ HT, BioTek Instruments Inc., Winooski, VT, USA). The MIC was determined by recording the lowest concentration of antimicrobial that inhibited the bacterial growth. Also, if there was no growth of bacteria in any tested concentration of antimicrobial except in the positive control, MIC was recorded as less than or equal to the lowest concentration of the tested antimicrobial. Similarly, if there was no growth inhibition in any tested concentration, MIC was recorded as more than the highest concentration of antimicrobial. Further, antimicrobial susceptibility and resistance was determined by comparing results (MICs) with Clinical and Laboratory Standards Institute (CLSI) M100-ED28 performance and standards for antimicrobial susceptibility testing guidelines for Enterobacteriaceae (<http://em100.edaptivedocs.net/dashboard.aspx>; accessed on 27 June 2020).

2.5. Statistical Analysis {#sec2dot5-insects-11-00401}
-------------------------

All data were analyzed in the R statistical platform \[[@B17-insects-11-00401]\]. The CFU counts were log transformed and a Shapiro-Wilk test was performed to examine if counts and/or residuals of model (see below) were normally distributed (*p* \> 0.05). Using the lme4 package \[[@B18-insects-11-00401]\] we developed a linear mixed-effect model for each response variable (culturable bacterial and coliform CFUs) to evaluate the effect of sex, site, and sex-by-site interaction. We did not include collection date as a fixed effect in the models because it did not have significant effect on both culturable bacterial and coliform CFUs. To account for pseudo-replication caused by repeated sampling of flies in the same sites over time, we included collection date as a random effect in the model. Subsequently, least-square means (lsmeans) were calculated and pairwise comparisons of lsmeans were made to determine the significant differences among sites and sexes for each response variable using lsmeans package \[[@B19-insects-11-00401]\]. We further evaluated the effect of sex, site, and their interaction on each response variable (culturable bacterial and coliform CFUs) for each sampling time. A subset of data for individual collection date was prepared to examine if the bacterial or coliform abundance in house flies was significantly affected by sex, site and their interaction within each collection date. A general linear model and pairwise comparisons of lsmeans were performed.

A general linear model was used to test the effect of sex, site, and their interaction on fly body mass. To determine if there was a significant variation in fly body mass between sex a pairwise comparison of lsmeans was performed. Finally, general linear models were applied to determine the relationships of body mass of each sex with culturable bacterial or coliform CFUs. All statistical tests with *p* \< 0.05 were considered significant.

3. Results {#sec3-insects-11-00401}
==========

3.1. Effect of Sex and Site on Culturable Bacterial Abundance in House Flies {#sec3dot1-insects-11-00401}
----------------------------------------------------------------------------

Irrespective of collection date and fly sex, culturable bacterial CFUs recovered from house flies collected from urban and agricultural sites ranged from 1.49 × 10^2^ to 1.13 × 10^7^ CFU/fly. Overall, there was a statistically significant effect of fly sex on culturable bacterial abundance in house flies (F~(1,103)~ = 21.52, *p* \< 0.0001), where female house flies had higher mean culturable bacterial CFUs (1.03 ± 0.59 × 10^6^ CFU/fly) than that of males (3.45 ± 1.37 × 10^5^ CFU/fly; t = 4.64, df =101, *p* \< 0.0001). A similar pattern was observed in both urban and agricultural environments. For instance, in the urban environment, a significant difference in mean bacterial CFU was observed between females (1.17 ± 0.59 × 10^6^ CFU/fly) and males (4.43 ± 1.28 × 10^5^ CFU/fly; t = 4.77, df =101, *p* \< 0.0001; [Figure 1](#insects-11-00401-f001){ref-type="fig"}A) whereas in the agricultural environment, the mean CFU abundances in females (4.43 ± 1.28 × 10^5^ CFU/fly) was greater than that of males but not statistically significant (males: 2.56 ± 0.86 × 10^5^ CFU/fly; t = 1.68, df =101, *p* = 0.095; [Figure 1](#insects-11-00401-f001){ref-type="fig"}A). The overall effect of site on bacterial abundance in adult house flies was not significant (F~(1,103)~ = 0.03, *p* = 0.870), and pairwise comparisons of lsmeans showed that site did not affect culturable bacterial CFUs in either fly sex (male: t = −1.53, *p* = 0.130, female: t = 1.77, *p* = 0.080). However, the sex and site interaction significantly affected bacterial abundance in flies (F~(1,103)~ = 5.45, *p* = 0.021).

Within a collection date, the number of bacterial CFUs in house flies was highly variable ([Table 1](#insects-11-00401-t001){ref-type="table"}). Irrespective of sites, there was a significant effect of sex on bacterial abundance in house flies collected on 13 and 31 July (F~(1,37)~ = 11.21, *p* = 0.002; F~(1,37)~ = 10.24, *p* = 0.003, respectively) but not on 13 June (F~(1,21)~ = 0.497, P = 0.489). Bacterial abundance was significantly higher in females collected on 13 and 31 July compared to males ([Table 1](#insects-11-00401-t001){ref-type="table"}; t = 3.47, df = 37, *p* = 0.001; t = 3.21, df = 37, *p* = 0.003, respectively) but non significantly higher in females collected on 13 June (t = 0.67, df = 21, *p* = 0.493). Further, pairwise comparisons of lsmeans revealed no effect of site in the culturable bacterial CFUs in each collection date for either sex (13 June - female: t = 0.46, df = 21, *p* = 0.653; male: t = 0.21, df = 21, *p* = 0.834), (13 July - female: t = 1.14, df = 37, *p* = 0.186; male: t = −1.87, df = 37, *p* = 0.069) and (31 June - female: t = 1.21, df = 37, *p* = 0.234; male: t = −0.32, df = 37, *p* = 0.754). There was no significant effect of site on any collection date (13 June: F~(1,21)~ = 0.23, *p* = 0.639; 13 July: F~(1,37)~ = 0.13, *p* = 0.724; 31 July: F~(1,37)~ = 0.38, *p* = 0.540). Also, the effect of sex and site interaction was significant only on 13 July (F~(1,37)~ = 5.18, *p* = 0.029).

3.2. Effect of Sex and Site on Coliform Abundance in House Flies {#sec3dot2-insects-11-00401}
----------------------------------------------------------------

Irrespective of the collection date, fly sex and site, the number of coliform CFUs recovered from house flies ranged from 0--3.38×10^6^ CFUs/fly. Overall, no significant effects of sex on abundance of coliform CFUs in house flies was observed ([Figure 1](#insects-11-00401-f001){ref-type="fig"}B; sex: F~(1,101.2)~ = 0.28, *p* = 0.596). Similar to the culturable bacterial CFUs, irrespective of site and collection date, females house flies harbored greater mean abundances of coliform CFUs (9.99 ± 6.28 × 10^4^ CFU/fly) than that of males (4.64 ± 1.62 × 10^4^ CFU/fly) but the difference was non-significant (t = 0.52, df = 101, *p* = 0.596). In the urban environment, coliform CFU abundances in females were higher (1.85 ± 1.34 × 10^5^ CFU/fly) than that of males (5.21 ± 2.67 × 10^4^ CFU/fly) but the effect of sex was non-significant (t = 1.35, df = 101, *p* = 0.180). Surprisingly, in the agricultural environment, the mean coliform abundance was slightly less in females (2.63 ± 1.19 × 10^4^ CFU/fly) compared to males (4.13 ± 1.98 × 10^4^ CFU/fly; t = −0.66, df = 101, *p* = 0.509) but again was non-significant. Interestingly, 12 out of 54 female house flies harbored no (0) coliform CFUs and 58.33% (7/12) were from agricultural environment. Similar to females, 10 out of 53 male house flies did not carry coliform bacteria and 60% (6/10) of those were collected from the urban environment. Moreover, irrespective of sex, site and the sex by site interaction had no significant effect on abundance of coliforms in house flies (site: F~(1,101.3)~ = 0.002, *p* = 0.965; interaction: F~(1,101.5)~ = 2.07, *p* = 0.153). Further, pairwise comparison of lsmeans also revealed no significant effect of site within sex (male: t = −1.04, *p* = 0.299; female: t = 0.989, *p* = 0.325) on coliform abundance.

The abundance of coliform CFUs in flies was highly variable within collection date ([Table 1](#insects-11-00401-t001){ref-type="table"}). Interestingly, although there were no overall sex effects, within date there was significant effect of sex on coliform abundance in house flies collected on 13 June and 13 July (F~(1,21)~ = 5.60, *p* = 0.028; F~(1,37)~ = 10.53, *p* = 0.002, respectively). On 13 June, the mean abundance of coliforms in females (1.52 ± 1.15 × 10^4^ CFU/fly) was less than males (4.49 ± 2.31 × 10^4^ CFU/fly; t = −2.47, df = 21, *p* = 0.022). Unlike June, on 13 July mean abundance of coliforms in females (2.23 ± 1.59 × 10^5^ CFU/fly) was greater than of males (6.43 ± 3.71 × 10^4^ CFU/fly; t = 3.41, df = 37, *p* = 0.001) but no such difference was observed on 13 July in mean abundance of coliforms in females (2.56 ± 1.54 × 10^4^ CFU/fly) and males (3.01 ± 1.66 × 10^4^ CFU/fly; t = −0.04, df = 37, *p* = 0.973). Also, the effect of sex and site interaction was significant only on 13 July (F~(1,37)~ = 13.56, *p* = 0.0007). Furthermore, on July 13, a comparison of means revealed a significant effect of sex within site (urban: t = 4.85, df = 37, *p* \< 0.0001; agriculture: t = −0.20, df = 37, *p* = 0.840) and site within sex (female: t = 1.77, df = 37, *p* = 0.084; male: t = −3.42, df = 37, *p* = 0.002). No significant effect of interactions in other collection dates were observed.

3.3. Relationships of House Fly Body Mass, Sex, Site and Bacterial Abundance {#sec3dot3-insects-11-00401}
----------------------------------------------------------------------------

Although the mean mass of female flies (20.81 ± 0.65 mg/fly) was significantly greater than that of males (13.13 ± 0.42 mg/fly; F~(1,103)~ = 98.16, *p* \< 0.0001; [Figure S1A](#app1-insects-11-00401){ref-type="app"}), the relationship between culturable bacteria abundance and mass was not significant within each fly sex (female: F~(1,52)~ = 0.30, *p* = 0.585; male: F~(1,51)~ = 0.407, *p* = 0.526; [Figure S1B](#app1-insects-11-00401){ref-type="app"}). Similarly, the relationship between fly body mass and abundance of coliforms was not significant within each fly sex (female: F~(1,52)~ = 0.23, *p* = 0.631; male: F~(1,51)~ = 0.77, *p* = 0.526). Furthermore, there was no significant effect of site (F~(1,103)~ = 0.65, *p* = 0.422) and interaction on fly body mass (F~(1,103)~ = 0.94, *p* = 0.335).

3.4. Bacterial Isolates and Antimicrobial Susceptibility {#sec3dot4-insects-11-00401}
--------------------------------------------------------

In total, 38 isolates were selected from VRBA cultures of house flies from the agricultural site irrespective of collection date and sex, including both non-coliform and coliform morphotypes: *Citrobacter freundii* (10), *C. koseri/farmeri* (1), *Cronobacter* sp. (1), *Enterobacter cloacae* (7), *Escherichia coli* (1), *Klebsiella oxytoca* (2), *K. pneumoniae* (3), *Kluyvera intermedia* (1), *Pantoea* sp. (2), *Proteus mirabilis* (1), *P. vulgaris* (1), *Providencia rettgeri* (1), *Pr. stuartii* (2), *Serratia ficaria* (2), *S. liquefaciens* (1), *S. marcescens* (2). Of these 38 isolates, 36 (95%) were resistant to at least one of the 14 antimicrobials tested ([Figure 2](#insects-11-00401-f002){ref-type="fig"}). Isolates showed the greatest resistance to tetracycline (32/38; 84%), chloramphenicol (28/38; 74%), amoxicillin/clavulanic acid (24/38; 63%), cefoxitin (21/38; 55%) and ampicillin (16/38; 42%). All 38 isolates were susceptible to azithromycin and sulfisoxazole. Resistance and susceptibility were not determined for ceftiofur and streptomycin due to lack of CLSI standards, although MICs for these antimicrobials are indicated in [Table S1](#app1-insects-11-00401){ref-type="app"}. In regard to bacterial species, 10/10 (100%) *Citrobacter freundii* isolates were resistant to cefoxitin and amoxicillin/clavulanic acid, 7/10 (70%) were resistant to either chloramphenicol and/or tetracycline, and 5/10 (50%) were resistant to ampicillin. *Enterobacter cloacae* also exhibited widespread AMR among isolates: 7/7 (100%) were resistant to augmentin and tetracycline, 6/7 (86%) were resistant to either cefoxitin and/or chloramphenicol, and 4/7 (57%) were resistant to ampicillin. Multidrug resistance (MDR; resistant to ≥2 antimicrobials) was observed in 33/36 AMR isolates (92%). In addition, 24/36 (67%) AMR isolates (or 72% of MDR isolates) were resistant to four or more antibiotics. Three isolates were resistant to seven antimicrobials (*E. cloacae, K. intermedia, S. liquefaciens*) and one isolate was resistant to eight antimicrobials (*C. freundii*). Dual resistance to chloramphenicol and tetracycline was observed in 26 isolates (68% of total isolates, 72% of AMR isolates). Of isolates resistant to three antimicrobials, 17 isolates were resistant to chloramphenicol, tetracycline and augmentin (45% of total, 47% of AMR) and resistance to chloramphenicol, tetracycline and cefoxitin was observed in 15 isolates (39% of total, 42% of AMR). Fourteen isolates were resistant to four antimicrobials (cefoxitin, chloramphenicol, tetracycline and augmentin), comprising 37% of total isolates and 39% of those with AMR; the majority of these MDR isolates were either *C. freundii* (n = 5) or *E. cloacae* (n = 5).

4. Discussion {#sec4-insects-11-00401}
=============

This study examined the effects of fly sex and collection site on the carriage of culturable aerobic bacteria and coliforms by house flies. To our knowledge, this is the first study demonstrating that female house flies carry a greater abundance of culturable bacteria than male house flies both overall and in certain environments. While both male and female adult house flies associate with filth, females likely have a greater propensity to associate with microbe-rich substrates during investigation of potential oviposition sites \[[@B14-insects-11-00401]\]. Likewise, females have distinct nutritional requirements from males where a proteinaceous meal is required for successful egg production and development \[[@B13-insects-11-00401],[@B20-insects-11-00401]\]. Therefore, male and female house flies interact distinctly with substrates in different environments, which may subsequently reflect differences in bacterial carriage.

Within the urban site, female flies harbored a greater abundance of culturable bacteria than males but there was no difference in coliform abundance. Further, there was no significant difference in bacteria and coliform abundance between fly sexes in the agricultural site. During the collections, female house flies were consistently observed interacting with waste residue inside dumpsters at the urban site, and at the agricultural site, flies were closely associated with animals, their excretions, feed, and animal waste. Male flies at the urban site were typically observed resting outside of dumpsters on the lid or side panels and at the agricultural site, males were typically resting on the walls of feed bunks and shelter structures. Thus, although sex-specific behaviors were not quantified in this study, we infer that the nutritional requirements and oviposition interests of females would cause them to have increased contact, inspection and ingestion of either high-protein and/or microbe-rich substrates than males. The lack of significant differences in culturable bacterial and coliform abundance between the sexes at the agricultural site may be attributable to differences in the accessibility and distribution of sources of microbes. In the urban site, apart from the dumpsters there were no apparent alternate sources of microbes at the location where flies were collected. However, a previous study revealed that house flies from cattle farms were found in the urban dumpsters in Kansas and disseminated antibiotic resistant *Enterococcus* to the urban environment \[[@B11-insects-11-00401]\]. Thus, due to their active dispersal behavior \[[@B11-insects-11-00401],[@B21-insects-11-00401]\], flies from nearby agriculture areas could have been captured at urban sites. In contrast, the agricultural site had numerous putative sources of microbes including the animals, their waste, manure in the pens, manure piled on site, and four other nearby livestock facilities (beef cattle, swine, poultry, horses) as well as animal waste storage lagoons. In addition, flies seemed to move freely throughout these facilities, potentially accessing animals and their waste at the different locations.

The mean mass of female flies was greater than males but mass within each sex did not correlate with bacterial and coliform carriage. Therefore, although females carried more culturable bacteria than males, it probably was not due to their size. Rather, females carry more bacteria and have greater body mass, due to more fat body for vitellogenesis \[[@B22-insects-11-00401]\] and carriage of as many as 150 eggs during each gonotrophic cycle \[[@B3-insects-11-00401]\]. Whether female flies have a larger digestive tract volume or surface area to carry bacteria was not determined in this study, but the relationship between other sex-specific dimorphisms and bacterial carriage warrant a further study.

Interestingly there were no site effects on either culturable bacterial abundance or coliform abundance. We had predicted that flies, irrespective of sex, would carry more coliforms at the agricultural site than the urban site due to the different access to animal manure, which can serve both as a major source of fecal coliforms \[[@B23-insects-11-00401]\] and a developmental substrate for house fly larvae \[[@B24-insects-11-00401],[@B25-insects-11-00401]\]. In contrast, although statistically insignificant, the mean coliform abundance in flies from the urban site was greater than those from the agricultural site. We do not know the specific sources of coliforms at the urban site, but the dumpsters likely contained discarded food (including uncooked animal products from nearby restaurants) and other human-generated waste which can be a source of coliforms. In addition to human generated waste, coliforms can originate from animal farms which are situated in a \< 4 km radius of the urban site. Future studies need to include substrate sampling at sites in order to identify bacterial sources for the flies.

Antimicrobial susceptibility was only measured for a subset of unique morphotypes from VRBA of flies collected from the agricultural site, and therefore offers limited inference potential in regard to the quantitative carriage of AMR or MDR bacteria by house flies. However, our data provide insight into the risk that flies pose in harboring and disseminating AMR and MDR bacteria at an agricultural site. The greatest resistance seen in the isolates was to tetracycline, and of the resistant strains, the majority (about 63%) were coliforms (e.g., *Citrobacter, Enterobacter, Escherichia, Klebsiella*) although some anaerogenic lactose fermenters (e.g., *Kluyvera, Pantoea, Serratia*) and potential pathogens (e.g., *Providencia, Proteus*) were also resistant. Widespread tetracycline AMR in livestock-associated bacteria, including coliforms, has been reported previously especially from poultry and cattle operations, and their waste products such as manure \[[@B26-insects-11-00401],[@B27-insects-11-00401],[@B28-insects-11-00401],[@B29-insects-11-00401]\]. Tetracyclines surpass all other antimicrobial classes in both frequency and quantity of use as a growth promoter in animal agriculture and are also widely used to treat or prevent a variety of bacterial diseases of livestock and poultry \[[@B30-insects-11-00401]\]. Further, isolation of tetracycline-resistant bacteria from livestock-associated flies has been previously reported \[[@B21-insects-11-00401],[@B31-insects-11-00401],[@B32-insects-11-00401],[@B33-insects-11-00401],[@B34-insects-11-00401]\].

Interestingly, we also observed chloramphenicol resistance in the selected isolates, although this antimicrobial is prohibited from the use in food animals \[[@B35-insects-11-00401]\]. However, related antimicrobials phenicol, florfenicol, although not labeled for use in lactating dairy cattle, are used for treatment, prophylaxis and metaphylaxis for bovine respiratory disease in beef cattle and treatment of pneumonia in swine \[[@B36-insects-11-00401],[@B37-insects-11-00401],[@B38-insects-11-00401],[@B39-insects-11-00401],[@B40-insects-11-00401],[@B41-insects-11-00401]\]. Of note, the *flo* gene product confers non-enzymatic resistance to both, chloramphenicol and florfenicol \[[@B42-insects-11-00401]\]. In addition, another chloramphenicol resistance gene, *cmlA*, is linked to genes coding resistance to other antimicrobials used in animal agriculture (e.g., aminoglycosides and sulfonamides) and is transmissible on a plasmid, which suggests a mode of resistance absent of selective pressure by the drug itself \[[@B43-insects-11-00401]\]. As described above, the dairy facility is near several other livestock facilities, including a swine research facility less than 100 m away and a small beef cattle feedlot about 400 m away. Manure from the feedlot pens is stored on site for periods of time and several waste lagoons are present within the vicinity. Although flies were collected at the dairy farm, they may have visited other animals and manure at the adjacent operations where they could have acquired AMR bacteria.

We also detected multidrug resistance (MDR) in 92% of the resistant (87% of total) isolates. The most common MDR combination was resistance to chloramphenicol and tetracycline (26 isolates), although many of these isolates were also resistant to amoxicillin/clavulanic acid and/or ampicillin. MDR often indicates linked resistance traits that are co-inherited via integrons, transposons or plasmids \[[@B44-insects-11-00401],[@B45-insects-11-00401],[@B46-insects-11-00401],[@B47-insects-11-00401],[@B48-insects-11-00401]\]. The genetic basis of resistance in the isolates from our study was not determined.

Commensal coliforms may not pose direct threat to human or animal health, but they serve as a source of AMR and MDR genes which can be acquired by cohabiting pathogens through horizontal gene transfer \[[@B27-insects-11-00401],[@B49-insects-11-00401],[@B50-insects-11-00401]\]. House flies pose a double threat in potentially facilitating lateral gene transfer between AMR and susceptible bacteria in the fly gut \[[@B32-insects-11-00401],[@B51-insects-11-00401],[@B52-insects-11-00401],[@B53-insects-11-00401]\]. Furthermore, flies are highly mobile and transitory, moving bacteria from 20--100 km from the acquisition source to other farms or human habitation \[[@B11-insects-11-00401],[@B54-insects-11-00401]\]. In addition, laboratory assays have established that house flies can transmit bacteria via surface contact and excreta, demonstrating their role as potential vectors for a variety of bacteria, including those that are AMR (reviewed in \[[@B6-insects-11-00401],[@B10-insects-11-00401]\]). This study therefore adds to the growing evidence implicating flies as major players in the ecology of bacteria, the epidemiology of associated diseases, and the dispersal of AMR genes bacteria may carry.

5. Conclusions {#sec5-insects-11-00401}
==============

Our study demonstrated a sex and sex by site effect on bacterial carriage by house flies. The source of both culturable aerobic bacteria and coliforms at the urban site was likely dumpsters, while at the agricultural site it was presumably animals and their manure. Our results also corroborated those from other studies, by demonstrating that house flies carry AMR and MDR bacteria in areas of livestock agriculture. A thorough assessment of the role flies play in harboring and disseminating bacteria, including AMR and MDR strains, and pathogens, is actively being investigated \[[@B8-insects-11-00401],[@B10-insects-11-00401],[@B12-insects-11-00401],[@B55-insects-11-00401],[@B56-insects-11-00401],[@B57-insects-11-00401]\], risk assessment models (e.g., \[[@B58-insects-11-00401]\]) can be enhanced by identifying and including variables related to bacterial source, the role of fly sex, environmental niche, fly dispersal patterns and farm management practices. Overall, we provide evidence of sex-specific effects on culturable bacterial load that includes AMR and MDR bacteria. Future behavioral studies are required to determine whether time spent in contact with microbe-rich substrates influence the sex specific differences in bacterial carriage by house flies.
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![Bacterial abundance in female and male house flies collected from urban (URB) and agricultural (AGR) environments. (**A**) Culturable CFUs isolated on tryptic soy agar (TSA); (**B**) Coliform CFUs isolated on violet red bile agar (VRBA). Mean Log~10~ CFU, standard errors and significant differences in means are shown. Statistical analysis details are in the text.](insects-11-00401-g001){#insects-11-00401-f001}

![Antimicrobial resistant (AMR) isolates from house flies collected at the agricultural site (dairy farm). Antimicrobial sensitivity testing was performed using the MIC method (details in text) on the Sensitre^®^ Gram negative NARMS plate. Antimicrobial abbreviations: FOX, cefoxitin; CHL, chloramphenicol; TET, tetracycline; AXO, ceftriaxone; AUG, amoxicillin/clavulanic acid (2:1); CIP, ciprofloxacin; GEN, gentamicin; NAL, CIP, Ciprofloxacin, NAL, nalidixic, SXT, trimethoprim-sulfamethoxazole; AMP, ampicillin. MIC values for all isolates and additional antimicrobials are presented in [Table S1](#app1-insects-11-00401){ref-type="app"}.](insects-11-00401-g002){#insects-11-00401-f002}

insects-11-00401-t001_Table 1

###### 

Abundance of culturable bacteria and coliforms in house flies collected from urban and agricultural sites.

  Collection Date   Site   Fly Sex   N                     Culturable Bacterial CFU (Mean ± SEM)   Coliform CFU (Mean ± SEM)
  ----------------- ------ --------- --------------------- --------------------------------------- ---------------------------
  13-Jun-17         URB    F         6                     1.39 ± 1.08 × 10^6^                     2.51 ± 2.50 × 10^4^
  URB               M      5         3.93 ± 2.48 × 10^5^   7.05 ± 5.48 × 10^4^                     
  AGR               F      7         1.63 ± 0.42 × 10^5^   6.64 ± 4.38 × 10^3^                     
  AGR               M      7         1.75 ± 0.66× 10^5^    2.67 ± 1.10 × 10^4^                     
  13-Jul-17         URB    F         9                     3.26 ± 1.38× 10^6^                      4.79 ± 3.65 × 10^5^
  URB               M      10        7.99 ± 6.48 × 10^5^   5.74 ± 5.67 × 10^4^                     
  AGR               F      12        5.00 ± 2.24 × 10^5^   3.10 ± 1.42 × 10^4^                     
  AGR               M      10        2.75 ± 1.73 × 10^5^   7.12 ± 5.12 × 10^4^                     
  31-Jul-17         URB    F         10                    5.14 ± 1.41 × 10^5^                     1.68 ± 0.71 × 10^4^
  URB               M      10        1.14 ± 0.51 × 10^5^   3.74 ± 2.87 × 10^4^                     
  AGR               F      10        5.72 ± 2.55 × 10^5^   3.44 ± 3.07 × 10^4^                     
  AGR               M      11        2.91 ± 1.54 × 10^5^   2.34 ± 1.93 × 10^4^                     

CFU: Colony Forming Units; SEM: Standard Error of the Mean, Sites: URB = urban, AGR = agricultural; Sex: F = female, M = male; N = number of flies.
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